ABSTRACT: Bacterioplankton production and abundance were studied in the oligotrophic clearwater Lake Njupfatet (Sweden) during 2 consecutive years (1989 and 1990). The lake was slightly acidic In 1989 and was limed during the autumn-circulation period that year. In June of both years, experiments were carried out in 300 1 bags immersed in the lake. Amounts of inorganic nutrients (PO, and NO,) and metazoan zooplankton in the bags were manipulated. In both years, additions of inorgan~c nutrients stimulated phytoplankton growth, and bacterial abundance, production and cell-specific production. Since phytoplankton growth was also stimulated, it cannot be concluded whether bacterioplankton growth was limited by inorganic nutrients alone or in combination with organic carbon provided by phytoplankton. The increase in bacterial biomass was smaller than expected based on the production measurements, especially in fertilized bags, indcating that there was strong grazing pressure on bacteria. In 1989, bacterial cell-specific production was enhanced by adding metazoan zooplankton, probably because zooplankton released nutrients that bacteria could utilize. Furthermore, the results indicate that the species composition of phytoplankton can affect the growth of bacterioplankton.
INTRODUCTION
The regulation of bacterioplankton growth and biomass has been studied intensively over the last few decades. Organic carbon has been regarded as the most important nutrient regulating bacterioplankton growth (Rheinheimer 1992) . However, several recent studies have shown that inorganic nutrients can also limit bacterial production (Toolan et al. 1991 , Morris & Lewis 1992 , Schweitzer & Simon 1995 .
Lakes and marine coastal areas can have high concentrations of allochthonously derived organic carbon. In particular, humic lakes have high concentrations of dissolved organic carbon (DOC), owing to transport from the catchment area. Autochthonous organic car-'E-mail: katarina.vrede@lunno.uu.se O Inter-Research 1999 bon is probably of minor importance for bacterioplankton in this type of lake since bacteria can utilize allochthonous organic carbon (Tranvik & Hofle 1987 , Sundh & Bell 1992 . The ability of bacterioplankton to utilize allochthonous organic compounds is also reflected by the positive correlation between bacterioplankton biomass and humic content (Hessen 1985 , Tranvik 1988 . In humic lakes, inorganic nutrients are more important than organic substrates in regulating bacterioplankton growth (Hessen et al. 1994) . The importance of organic carbon of autochthonous origin as a substrate for bacterioplankton is probably greater in clearwater lakes, which have lower concentrations of DOC compared with humic lakes. This also implies that processes within the lake (e.g. phytoplankton exudation, zooplankton grazing) may be of major importance in providing organic substrates for bacterioplankton.
Bacterioplankton can obtain organic carbon from a variety of autochthonous sources. For example, it has been suggested that the extracellular release of organic carbon from phytoplankton is an important source of organic carbon (Miinster & Chrost 1990 and references therein). On average, the organic carbon released from phytoplankton accounts for less than 50% of the bacterial carbon demand, although this value varies widely (Baines & Pace 1991) . Jumars et al. (1989) suggested that the transfer of DOC from phytoplankton to bacteria occurs more in the form of byproducts of animal ingestion and digestion rather than via excretion of DOC directly from intact phytoplankton cells. The importance of zooplankton as a source of organic carbon has also been shown by Vadstein et al. (1989) and Peduzzi & Herndl (1992) . In addition, zooplankton can regenerate inorganic nutrients and thereby stimulate bacterial growth (Vareschi 1994 , Sterner et al. 1995 , Vrede 1998 .
Bacterioplankton are grazed by members of protozoan and metazoan zooplankton, as well as by mixotrophic flagellates (Sanders et al. 1989 ). Heterotrophc flagellates are regarded as the major bacterivores and have been reported to often control bacterial abundance (Sanders et al. 1989 , Berninger et al. 1991 . However, their relative importance as bacterivores can vary over the season (Simek & Straskrabova 1992) . In addition, the top-down regulation of bacterioplankton abundance by heterotrophic flagellates seems to be most important in eutrophic systems, while in oligotrophic environments nutrient supply mainly regulates bacterial abundance (Sanders et al. 1992) . Since metazoan zooplankton graze protozoan bacterivores (Burns Pr Schallenberg 1996 , Stensdotter-Blomberg 1998 , a positive effect of metazoan zooplankton on bacterioplankton abundance and growth could be due to a reduction in bacterivores (a trophic cascade). Tranvik & Hansson (1997) found a strong correlation between reduced copepod abundance, increased numbers of bacterivore flagellates, and decreased bacterial numbers. On the contrary, Brett et al. (1994) found no effect of copepods or cladocerans on bacterial abundance.
In the present study the effects of inorganic nutrients (phosphorus and nitrogen) and metazoan zooplankton on bacterioplankton production and biomass were investigated in the oligotrophic clearwater Lake Njupfatet (Sweden). Effects on the phytoplankton comrnunity are discussed in detail elsewhere (Blomqvist 1997) . In Lake Njupfatet, positive effects of inorganic nutrients (phosphorus and nitrogen) on bacterial production and biomass as weU as on phytoplankton biomass were found in late summer during 2 consecutive years (Vrede 1996) . In one year there was a close CO-limitation of bacterioplankton growth by inorganic nutrients and organic carbon. Metazoan zooplankton stimulated bacterioplankton production one year but not in the other year. Changes in the bacterial response to the nutrients were attributed to changes in phytoplankton species composition. The present study was conducted during early summer. In contrast to the late summer investigation (Vrede 1996) , in which zooplankton were studied at only 2 levels (absent or present at a concentration typical for the lake), the effects of zooplankton were investigated over a concentration gradient (absent to approximately 4 times ambient concentrations) in the present study.
METHODS
Study site. Lake Njupfatet is a dimictic, oligotrophic clearwater lake located in central Sweden at 62" 01' N, 16" 23' E. The drainage area of 0.62 km2 is dominated by mature coniferous forest. The lake has a turnover time of 2.5 yr, a mean depth of 4.3 m, a maximum depth of 16 m and a surface area of 0.12 km2. The lake was naturally slightly acidic (Andersson et al. 1997) until it was limed in November 1989 (Table 1) . The liming resulted in lower concentrations of total phosphorus and higher concentrations of DOC. Bacterial abundance in Table 1 . Chemical properties of the water in Lake Njupfatet in 1989 (before liming) and 1990 (after lim~ng). Annual means and ranges are from composite samples from the respective years, and May values are from the epilimnion when the experiments started. TP. total phosphorus; SRP: soluble reactive phosphorus; TN: total nitrogen; DOC. dissolved organic carbon Parameter Mean the lake was slightly lower in 1989 (1.4 X 10' cells 1-') than in 1990 (1.8 X l o g cells 1-') when the experiments were started. During both years, the phytoplankton biomass in the lake was on the increase when the experiments were started. At that time the phytoplankton composition was Chrysophyceae (52% of total phytoplankton biomass), Dinophyceae (23%), Chlorococcales (18%), and Cryptophyceae (5%) in 1989, and Chrysophyceae (29 %), Dinophyceae (6 X ) , Chlorococcales (61 % ) , and Cryptophyceae (4 %) in 1990. Further information about the lake and experiments carried out in it are given in ), Bell & Tranvik (1993 , Blomqvist et al. (1993 Blomqvist et al. ( , 1995 , Vrede (1996) , Blomqvist (1996 , 1997 ), and Stensdotter-Blomberg (1998 . Experimental set-up. Basically identical experiments were carried out in June 1989 (before liming, acidic), and June 1990 (after liming, slightly alkaline). Amounts of inorganic nutrients (PO, and NO3) and metazoan zooplankton were manipulated in transparent plastic bags (300 1 vol.). Ten bags, attached to a wooden frame in the lake, were filled with water from 1 m depth (for a detailed description of the experimental set-up, see Vrede 1996) . The water was filtered through 100 pm mesh netting to remove large zooplankton. Zooplankton from the lake was then collected in a 300 pm mesh net and added to the bags so that there were 5 pairs of bags, each with a different concentration of zooplankton biomass (Fig. 1 ) . The zooplankton additions were kept urlthin the limits of the natural variation in the lake (maximum approx. 4 times the average zooplankton concentration in the lake). In 1989, zooplankton was added to the bags on 2 occasions: on Day 1 (before the first sampling) and on Day 4 (after the second sampling). The second zooplankton addition was carried out because the zooplankton additions on the start day in 1989 resulted in very low zooplankton concentrations. To 1 set of bags representing each of the 5 zooplankton concentrations, 10 pg P 1-' KH2P04 and 100 pg N 1-' KNO, were added (Fig. 1) . The experiments lasted for 3 wk. Water for analyses of bacterioplankton production and abundance, phytoplankton species composition and biomass (including mixotrophic flagellates), heterotrophic flagellate, ciliate, heliozoan, and metazoan zooplankton species composition and biomass, and water chemistry were taken every third day. Sampling procedures are described in detail in Vrede (1996) .
Analyses. Bacterioplankton production was measured as 3H-thymidine incorporation into macromolecules (Bell 1993) , with n~odifications described in Vrede (1996) . Immediately after sampling, bacterioplankton was preserved in 4 % (final concentration) formaldehyde for enumeration. Bacterioplankton numbers were determined using epifluorescence micro- scopy (1250x magnification) after staining with acridine orange (Hobbie et al. 1977 ). For each sample, a minimum of 400 cells were counted in at least 20 fields. Cell-specific bacterial production was calculated by dividing bacterioplankton production, measured as 3H-thymidine incorporation, by cell numbers. To calculate losses of bacterial biomass, bacterial numbers and the amounts of 3~-t h y m i d i n e incorporated were converted to carbon units. To convert the amounts of incorporated 3H-thymidine to cell abundance units, the conversion factor 2 X 1018 cells mol-' was used (Bell 1990) . Abundance was converted to cell volume using an average cell volume of 0.06 pm3, which was determined in another study in the lake (Vrede 1996) . Cell volume was then converted to carbon units using a conversion factor of 0.28 pg C pm-3 (Simon & Azam 1989) . Losses of bacterial biomass were calculated based on bacterial production per day and changes in bacterial biomass per day as described in Vrede (1996) . San~ples for enumeration of phytoplankton, potential mixotrophic flagellates, heterotrophic flagellates, ciliates, heliozoan, and metazoan zooplankton were preserved with acidified Lugol's solution immediately after sampling. The organisms were counted in an inverted light microscope after sedimentation. Phytoplankton, heterotrophic flagellates, potential mixotrophic flagellates, ciliates, and heliozoans were counted at 100 and 400x magnification. Estimates of mixotrophy among flagellates were based on literature data (reviewed by Isaksson 1998) . The biomass of potential mixotrophic flagellates was also included in the total phytoplankton biomass. Estimates of bactenvory among ciliates were based on correlations with bacterial biomass and the size of ciliates (StensdotterBlomberg unpubl. data). Heliozoans were assumed not to be bacterivores since no correlation between heliozoan and bacterial biomass was found in a previous study in the lake (Stensdotter-Blomberg 1998). Biovolumes for phytoplankton, heterotrophic flagellates, cili-ates, and heliozoans were estimated using geometrical Therefore, the regressions were run only on TP. Phosformulas and converted to biomass assuming a density phate was avoided since it was quickly assimilated. of 1 g cm-3. Metazoan zooplankton were counted at 63
Effects on DOC were analysed with linear regression, and 1OOx magnification. Estimates of bacterivory by as described for the bacterial parameters. rotifers and cladocerans were based on literature data (Bern 1987 , Arndt 1993 . Biomasses of rotifers and crustacean zooplankton were determined using con-RESULTS version factors for other Swedish lakes (H. Olofsson unpubl. data). Phytoplankton, heterotrophic flagelWater chemistry lates, ciliates, heliozoans, and metazoan zooplankton biomasses were converted to carbon units using the In 1989, concentrations of TP increased by 9 + 2 pg P following conversion factors: cyanophytes = 22 % of 1-l (average over time * standard deviation) and those wet weight (Ahlgren 1983) ; chlorophytes = 16% of wet of TN by 89 -+ 51 pg N 1-' in bags that received inorweight; other phytoplankton and heterotrophic flagelganic nutrients compared with those that did not lates = 11 % of wet weight (Lundgren 1978 and refer- receive inorganic nutrients. Soluble reactive phosphoences therein); ciliates and heliozoans = 19% of wet rus (SRP) was never detectable ( < l pg P I-') in the weight (Putt & Stoecker 1989) ; crustacean zooplankton bags, owing to its to rapid assimilation. Nitrate concen-= 48 % of dry weight (Andersen & Hessen 1991) ; rotrations in fertilized bags were approximately 115 pg N tifers as for crustacean zooplankton. For more details 1-' on the first day, whereupon they decreased for 7 to describing the biological analyses, see Vrede (1996) . 10 d and then levelled off at 60 to 80 pg N 1-'. The The water chemistry analyses were done with stannitrate concentration remained low (<20 pg N I-') in dard methods as described in Blomqvist et al. (1995) .
unfertilized bags. Detailed descriptions of the water chemistry data from
In 1990, the detectable increase in concentrations of the experiments are presented in Blomqvist (1997) .
TP and TN in fertilized bags, resulting from additions of Statistical analyses. Effects of the treatments on inorganic nutrients, was smaller than the correspondbacterioplankton production, bactenoplankton abuning increase in 1989 although there were no differences dance and cell-specific bacterial production were in nutrient amounts added between years. The concenanalysed with multiple linear regression at the 5 % sigtration of TP increased by 5 + 1 pg P I-', and the connificance level. Non-significant variables (p > 0.05) centration of TN by 45 + 36 pg N I-'. Only a few of the were excluded from the models. The regressions were bags to which phosphorus had been added showed carried out on average values for each treatment. All detectable concentrations of SRP on the start day. In data except the starting values for the response parabags that had received inorganic nitrogen, nitrate meters were used in the analyses, since the manipulaconcentrations started at approximately 115 pg N 1-' tions were not expected to have effects as early as the and decreased steadily for the rest of the experimental first sampling occasion (omitting this sampling point period. In unfertilized bags the nitrate concentration did not affect the results). Total phosphorus (TP) and remained below the detection Limit ( < l 0 pg N 1-l). total nitrogen (TN) were correlated because they were
The concentration of DOC in the bags on the first day added in the same proportions in the experiments. was 2.5 + 0.4 mg C 1-' (average + standard deviation) in Table 2 . Average metazoan zooplankton and c~liate + heliozoan biornass t standard deviation (n = 8) during 3 wk in enclosure experiments in June 1989 and 1990 in Lake Njupfatet. +: inorganic phosphorus and nitrogen added (10 pg P I-' as KHzPOl and 100 pg N I-' as KNO3), -: no inorgan.ic phosphorus or nitrogen added Ciliates, heliozoan and metazoan zooplankton
In 1989, the average metazoan zooplankton biomass (n = 8, all samplings) ranged from 2 to 165 pg C I-', which corresponds to 0.05 to 4 times the zooplankton concentration in the lake when the experiment started (Table 2 ). In 1990, metazoan zooplankton was only added on the start day and resulted in a higher zooplankton biomass compared with that in 1989. The average metazoan zooplankton biomass ranged from 2 to 250 pg C I-', which corresponds 0.05 to 7 times the zooplankton concentrations in the lake when the experiment started (Table 2 ). The metazoan zooplankton biomass in the lake was 40 and 36 pg C 1-' when the experiments started in 1989 and 1990, respectively.
The added zooplankton community was dominated by the calanoid copepod Eudiaptornus gracilis (86 and 68% of total metazoan zooplankton biomass in 1989 and 1990, respectively). The cladoceran Diaphanosoma brachyurum made up 5 and 15 % of the total biomass in 1989 and 1990, respectively, and rotifers (mainly Conochilus spp.) accounted for 8 and 13 %. The remaining zooplankton biomass consisted of the cladoceran Bosrnina in 1989 and cyclopoid copepods in 1990. In bags without zooplankton additions, the community was dominated by rotifers, mainly Kellicottia longispina in 1989 and Conochilus spp. in 1990. In both years, the biomass of metazoan zooplankton in the bags with the 2 highest zooplankton biomasses (both with and without nutrients added) declined. At the end of the experiments, the zooplankton biomasses in these bags were of approximately the same size as those in the bags with the middle concentration of zooplankton.
An addition of zooplankton also implies an addition of nutrients bound in the organisms. There was no significant correlation between TP and zooplankton biomass in 1989. However, in 1990, there was a significant positive correlation between TP and total metazoan zooplankton biomass (linear regression r2 = 0.60, p = 0.0009). The addition of inorganic nutrients resulted in an increased average zooplankton biomass (Table 2) , and the addition of zooplankton led to an increase in TP.
The group ciliates + heliozoan was dominated by heliozoa, Urotricha sp. 2 (-40 pm) and 2 species of Oligotrichs in 1989, and by Strobilidium sp. and Urotricha sp. 1 (-15 pm) + Balanion sp. (could not be separated) in 1990. The biomass of ciliates + heliozoans was negatively correlated with the metazoan zooplankton biomass both years (Table 2 ).
Bacterioplankton
In both years, bacterioplankton production, bacterial abundance and cell-specific bacterial production increased in response to the addition of inorganic nutrients (Fig. 2) , and each of these measures were significantly correlated with TP alone (Table 3 ). In 1989, TP and metazoan zooplankton together explained more of the variation in cell-specific production than TP alone did. Furthermore, in unfertilized bags, both bacterioplankton production and abundance were positively correlated with the biomass of the metazoan zooplankton (linear regression: bacterial production, r2 = 0.92, p = 0.009; bacterial abundance, r2 = 0.97, p = 0.003), but this was not the case in fertilized bags. In 1990, bacterial production, cell-specific production and abundance were positively correlated with metazoan zooplankton alone (all bags: production, r2 = 0.63, p = 0.006; cell-specific production, r2 = 0.56, p = 0.01; abundance, r2 = 0.42, p = 0.04), but metazoan zooplankton explained less of the variance in the bacterial parameters than TP did. The average bacterial abundance in bags to which no inorganic nutrients had been added was similar in 1989 and 1990 (Fig. 2) . In contrast, in fertilized bags, bacterial numbers were higher in 1989 than in 1990.
In 1989, bacterial production and abundance were highest towards the end of the experiments (Figs. 3A,B & 4A,B) . The opposite pattern was found in 1990 when bacterial abundance and production increased more in the beginning of the experiments (Figs. 3C,D & 4C,D) . In 1989, bacterioplankton production in unfertilized bags did not increase until Days 7 to 10. In bags that had received inorganic nutrients, bacterioplankton production started to increase immediately and reached maxima towards the end of the experiment. During the early part of the experiment, bacterioplankton numbers decreased or remained stable in all bags. About half-way through the experiment, numbers started to increase, and maxima were reached at the end of the experiment. Cell-specific Metazoan zooplankton biomass (pg C I-') Fig. 2 . Average (n = 7, start values excluded) bacterioplankton production (measured as 3~-thymidine incorporation rate), cell-specific bacterial production (3H-thymidine incorporation rate divided by cell numbers) and bacterioplankton abundance versus average metazoan zooplankton biomass in experiments in Lake Njupfatet in June 1989 and 1990. ( R ) Bags without inorganic nutrients added; (I) Bags to which inorganic phosphorus and nitrogen had been added bacterial production started to increase at the beginning of the experiment and reached maxima around Day 13 in most bags (Fig. 3E,F) .
In 1990, bacterioplankton production in unfertilized bags generally reached their maxima on Day 7, whereupon production declined. Bacterial numbers increased during the first half of the experiment and then declined in most bags. In unfertilized bags, cell-specific bacterial production increased slightly in the beginning of the experiment and then decreased (Fig. 3H ). In bags that had received inorganic nutrients, cell-specific bacterial production was highest at the end of the experiment (Fig. 3G ).
Potential bacterial grazers and losses in bacterioplankton biomass
Potential bacterial grazers in Lake Njupfatet were mixotrophic flagellates, heterotrophic nanoflagellates, ciliates, rotifers and cladocerans. In 1989, on average, 80% of the bacterial production did not appear as new biomass. In 1990, bacterial production was lower than the calculated losses of bacterial biomass. On average, 135% of the bacterial production was lost. On a carbon basis, more bacterial biomass was lost in fertilized bags than in unfertilized ones both years ( Table 4) . Losses of bacterial biomass increased with increasing total metazoan zooplankton biomass in 1990, but no clear trend of this type was found in 1989. Table 3 . Effects of total phosphorus and metazoan zooplankton biomass on bacterial parameters determined by regression analyses in enclosure experiments in June 1989 and 1990 in Lake Njupfatet. All bags were used in the regressions. BP: bacterioplankton production; BA: bacterioplankton abundance; CBP. cell-specific bacterial production: TP: total phosphorus; ZOO: metazoan zooplankton; ns: not significant p r 0. At low metazoan zooplankton concentrations, mixotrophic flagellates dominated on a biomass basis among all potential bacterial grazers both years (Fig. 5) In 1989, the total biomass of potential bacterivores was low on the starting day (Fig. 4E,F) . Thereafter the biomass increased and reached a maximum around Day 7, whereupon it decreased. The increase in bacterial grazers was due both to growth and to the second addition of metazoan zooplankton (after the second sampling). In 1990, the total biomass of bacterivores was high at the beginning of the experiment and decreased thereafter in most cases (Fig. 4G,H) . The biomass of rotifers made up almost half of the total biomass of potential bacterial grazers on the first day. However, rotifer biomass decreased rapidly during the experiment. The biomass of cladocerans was also high on the starting day and 
Phytoplankton
In 1989, phytoplankton biomass increased in response to the input of inorganic nutrients and decreased with increasing zooplankton biomass (Fig. 6) . The phytoplankton community was generally dominated (on a biomass basis) by Chrysophyceae and Dinophyceae. In bags with high zooplankton biomass, Chlorococcales also became important. The most important (>10%) species on a biomass basis (over all bags and time) were Gymnodinium cf. uberrimum, Ochromonadaceae spp. (5 to 10 pm), Ochromonadaceae spp. (3 to 4 pm) and Gymnodinium cf. lacustre. The response of the phytoplankton community is presented in detail elsewhere (Blomqvist 1997) . None of the bacterioplankton parameters were significantly correlated to phytoplankton biomass in 1989.
In 1990 as well, phytoplankton, biomass increased in response to the input of inorganic nutrients and decreased with increas~ng zooplankton biomass (Fig. 6) . The phytoplankton community was dominated (on a biomass basis) by Chlorococcales except for 1 unfertilized bag without zooplankton, in which Chrysophyceae and Cryptophyceae dominated. The most important (>10%) species on a biomass basis (over all bags and time) were Dictyosphaerium cf. botrytella and Ochromonadaceae spp. (5 to 10 pm). Neither b a~t e r i o~l a n k t b n production nor cell-specific bacterial production were significantly correlated with phytoplankton biomass. Bacterioplankton abundance, on the other hand, was weakly positively correlated with phytoplankton biomass (r2 = 0.43, p = 0.04).
DISCUSSION

Effects of nutrients
In both years, growth of the bacterioplankton community in early summer (June) was stimulated by the addition of inorganic P and N, but the magnitudes of the increases differed between years. The stimulation of bacterial growth by inorganic nutrients could have been a direct effect of increased nutrient availability as well as an indirect effect mediated via phytoplankton, since phytoplankton growth was also stimulated. In the latter case the stimulation of phytoplankton growth would have resulted in a n increased release of organic compounds that bacteria could utilize. Both direct (Morris & Lewis 1992 , Le et al. 1994 , Schweitzer & Simon 1995 and indirect (Wang et al. 1992 ) stimulation of bacterioplankton growth by inorganic nutrients have been reported previously from freshwater systems. In the present study, bacterial abundance and production as well as phytoplankton biomass were positively correlated with concentrations of inorganic nutrients. However, the correlation between these 2 planktonic groups was weak. Neither primary production nor the extracellular release of organic compounds were measured in these experiments. In a system with phytoplankton grazers in which only phytoplankton biomass is determined, it is difficult to evaluate the importance of phytoplankton as a carbon source for bacteria and the potential coupling between the planktonic groups. If the stimulation of bacterioplankton growth had been due only to an increased release of organic compounds from phytoplankton, DOC concentrations in fertilized bags should have increased or remained unchanged compared with those in unfertilized bags. However, the fact that DOC concentrations were lower in fertilized enclosures than in unfertilized ones while bacterial production and biomass showed the opposite pattern indicates that bacterioplankton must have been able to use at least a fraction of the DOC pool when they were supplied with inorganic nutrients. It was not possible to determine whether the DOC mainly utilized by the bacteria was newly produced or organic carbon that had been available since the beginning of the experiments. Together, these results indicate that bacterial growth could not have been limited by organic carbon alone. Instead, bacterioplankton production must have been limited by inorganic nutrients alone or in combination with organic carbon.
Phosphate and nitrate were added together, which made it difficult to distinguish between the separate effects of the 2 nutrients. The P:N ratio of added nutrients (molar ratio of 1:22) was based on the P:N ratio of particulate organic matter in the lake. However, this ratio forces the system towards a shortage of P compared with N, since the average P:N ratio is 1:11 for bacteria (Fagerbakke et al. 1996) and 1:16 for phytoplankton (Reynolds 1984) . That such a shortage of P relative to N did indeed develop is supported by the water chemistry data; i.e. the nitrate added to the bags in 1989 was not consumed, and nitrate was available throughout the experiment in 1990 although it gradually decreased. In addition, since inorganic nitrogen was available in the lake when the experiments started, the effects of the nutrient additions were mainly due to the increase in P.
Effects of zooplankton
Metazoan zooplankton only contributed significantly to the regressions on the bacterial parameters in 1989. That year, metazoan zooplankton stimulated bacterioplankton cell-specific production, but had no effect on bacterial numbers or production (when the whole data set was used in the analyses). The biomass of potential bacterivores protozoans (ciliates, heterotrophic and n~ixotrophic flagellates) generally decreased with increasing metazoan zooplankton biomass in the bags. Increasing metazoan zooplankton biomass could thereby result in decreasing grazing pressure by prot o z o a n~ on bacteria (a trophic cascade). If the metazoan zooplankton effect was due to reduced protozoan grazing, zooplankton should probably have had a positive effect on bacterioplankton abundance. In 1989, zooplankton biomass stimulated bacterial production and led to increased bacterial abundance in treatments where no inorganic nutrients had been added. However, zooplankton did not have these effects in fertilized bags. If this zooplankton-induced increase in bacterial production was an effect of a trophic cascade, one would have expected to see such an increase in the fertilized bags as well. However, no such trend was observed, and in 1990 the bacterial losses even increased with increasing zooplankton biomass.
Another factor that argues against a trophic cascade is that the total biomass of potential bacterial grazers increased with increasing metazoan zooplankton, as metazoan zooplankton includes some rotifers and cladocerans that can feed on bacteria. However, since no specif~c bacterial grazing expenments were conducted, and the group 'potential bacterial grazers' was mainly based on Literature data on bacterivory, these data should be interpreted with caution. For example, among the mixotrophic flagellates some certainly photosynthesised, and other bacterivores may have fed on phytoplankton as well. The biomass of bacterial grazers may therefore have been overestimated. The calculated losses of bacterial biomass should also be interpreted with care since they are based on literature conversion factors that can vary. However, assuming that the conversion factors are the same between the bags it can be concluded that bacterial losses on a carbon basis were higher in fertilized bags than in unfertilized ones.
An alternative explanation of the positive correlation between cell-specific bacterial production and metazoan zooplankton is that zooplankton regenerated nutrients that bacteria could utilize. Zooplankton activity has been shown to be important in providing organic substrates for bacterial growth in both oligotrophic and eutrophic waters (Vadstein et al. 1989 , Peduzzi & Herndl 1992 . In addition, zooplankton can be important in regenerating phosphorus and nitrogen (Sterner et al. 1995) . Laboratory experiments have shown that Eudiaptomus gracilis (which was the dominating zooplankton species in Lake Njupfatet) can directly stimulate bacterioplankton growth (Vrede 1998) . Since a positive effect of zooplankton on both bacterioplankton production and biomass was only found in unfertilized bags in 1989, in the present study, I suggest that the effect of metazoan zooplankton on bacteria was due mainly to nutnent regeneration by metazoan zooplankton rather than to a trophic cascade. The results indicate that inorganic nutrients released by zooplankton were only important at low nutrient concentrations since there were no measurable effects on bacterial number or production in fertilized bags. However, the possibility cannot be excluded that zooplankton was also a source of organic substrates in view of the fact that cell-specific bacterial production increased regardless of whether or not inorganic nutrients were added. This implies that phytoplankton carbon indirectly released through zooplankton activity might have been utilized by bacteria.
In 1989, there was low grazing pressure on many bacterial grazers owing to the low biomass of metazoan zooplankton (before the second zooplankton addition); thus, protozoans were the dominant bacterivores during the first days. This, in turn, probably led to high grazing pressure on bacteria and explains why bacterial abundance did not increase even though the cell-specific bacterial production was high (especially in fertilized bags).
Comparison between the years
Low pH has been reported to have a neutral or negative effect on microbial acbvity (Kollig & Hall 1982 , McKinley & Vestal 1982 , Rao & Dutka 1983 . Tranvik et al. (1994) did not find any differences in bacterial activity between acid and limed humic lakes In southern Sweden. My findings are in accordance with the results of Tranvik et al. (1994) since the lower pH (5.6 J I 1989 vs 7.2 in 1990) did not have a negative impact on bacterioplankton activity. Since liming (in November 1989) resulted in an increase in the concentration of DOC and a decrease in that of TP, one would expect the response of bacterial production to an input of inorganic nutrients to have been stronger after liming. To the contrary, bacterial responses to nutrients were smaller in 1990 than in 1989.
During the experiments in 1989 the phytoplankton community was dominated (70 % of total phytoplankton biomass) by phytoplankton suitable as food for herbivorous zooplankton (based on size and digestibility), whereas in 1990 this group of phytoplankton only constituted 40% of the phytoplankton biomass (Blomqvist 1997) . The response of the phytoplankton community to nutrient additions, on a biomass basis, was stronger in 1990, when inedible phytoplankton dominated, than in 1989. If more phytoplankton were grazed in 1989, this could have led to a higher release of dissolved compounds (both inorganic and organic). This, in turn, could explain the higher growth rate of bacterioplankton that year. The same trend was found in experiments carried out in the lake in August 1989 and 1990 (the results are presented in detail in Vrede 1996) . In August 1989, the phytoplankton community was dominated (72% of total phytoplankton biomass) by the inedible cyanophyte Merismopedia tenuissima, and the bacterioplankton community responded weakly to additions of nutrients. In August the follocving year, 76% of the phytoplankton community consisted of zooplankton-edible phytoplankton, and the bacterioplankton community responded more strongly to the nutrient addit~.ons. This implies that the species composition of phytoplankton may affect the transfer of bacterial substrates, and thereby have a strong impact on bacterioplankton growth. Arguing against this hypothesis is the fact that zooplankton did not have any significant negative effect on the group 'edlble phytoplankton' in August 1990 (Blomqvlst 1996) . However, since primary production was not measured, it is difficult to estimate the actual growth rate of phytoplankton.
To summarize, this study shows that inorganic nutrients can limit bacterioplankton growth (alone or in combination with organic carbon suppl~ed from phytoplankton) in an oligotrophic clearwater lake. The in-crease in bacterial biomass was smaller than expected based on the production measurements, especially in fertilized bags, indicating that there was strong grazing pressure on bacteria. Additions of metazoan zooplankton resulted in increased cell-specific bacterial production one year. Although this increase may have been due to a reduction in bacterivore biomass, some of the increased growth was probably due to nutrient regeneration by zooplankton. Furthermore, the results suggest that the species conlposition of phytoplankton can affect the growth of bacterioplankton.
